MicroRNAs (miRNAs) are indispensable regulators for development and defense in eukaryotes. However, the miRNA species have not been explored for rice (Oryza sativa) immunity against the blast fungus Magnaporthe oryzae, the most devastating fungal pathogen in rice production worldwide. Here, by deep sequencing small RNA libraries from susceptible and resistant lines in normal conditions and upon M. oryzae infection, we identified a group of known rice miRNAs that were differentially expressed upon M. oryzae infection. They were further classified into three classes based on their expression patterns in the susceptible japonica line Lijiangxin Tuan Hegu and in the resistant line International Rice Blast Line Pyricularia-Kanto51-m-Tsuyuake that contains a single resistance gene locus, Pyricularia-Kanto 51-m (Pikm), within the Lijiangxin Tuan Hegu background. RNA-blot assay of nine of them confirmed sequencing results. Real-time reverse transcription-polymerase chain reaction assay showed that the expression of some target genes was negatively correlated with the expression of miRNAs. Moreover, transgenic rice plants overexpressing miR160a and miR398b displayed enhanced resistance to M. oryzae, as demonstrated by decreased fungal growth, increased hydrogen peroxide accumulation at the infection site, and up-regulated expression of defense-related genes. Taken together, our data indicate that miRNAs are involved in rice immunity against M. oryzae and that overexpression of miR160a or miR398b can enhance rice resistance to the disease.
MicroRNAs (miRNAs) are indispensable regulators for development and defense in eukaryotes. However, the miRNA species have not been explored for rice (Oryza sativa) immunity against the blast fungus Magnaporthe oryzae, the most devastating fungal pathogen in rice production worldwide. Here, by deep sequencing small RNA libraries from susceptible and resistant lines in normal conditions and upon M. oryzae infection, we identified a group of known rice miRNAs that were differentially expressed upon M. oryzae infection. They were further classified into three classes based on their expression patterns in the susceptible japonica line Lijiangxin Tuan Hegu and in the resistant line International Rice Blast Line Pyricularia-Kanto51-m-Tsuyuake that contains a single resistance gene locus, Pyricularia-Kanto 51-m (Pikm), within the Lijiangxin Tuan Hegu background. RNA-blot assay of nine of them confirmed sequencing results. Real-time reverse transcription-polymerase chain reaction assay showed that the expression of some target genes was negatively correlated with the expression of miRNAs. Moreover, transgenic rice plants overexpressing miR160a and miR398b displayed enhanced resistance to M. oryzae, as demonstrated by decreased fungal growth, increased hydrogen peroxide accumulation at the infection site, and up-regulated expression of defense-related genes. Taken together, our data indicate that miRNAs are involved in rice immunity against M. oryzae and that overexpression of miR160a or miR398b can enhance rice resistance to the disease.
In plant-pathogen coevolution, plants mount a twolayered immune system to protect themselves from being damaged by pathogenic microbes. In the first layer of immunity, plants detect conserved molecular features of microbes, termed pathogen-associated molecular patterns (PAMPs), to trigger immunity (pathogenassociated molecular pattern-triggered immunity [PTI] ) that is efficient to prevent a large number of potential pathogenic microbes from invasion (Zipfel and Felix, 2005) . Successful pathogens deliver effectors into plant cells to suppress PTI and establish parasitism (Boller and He, 2009; Dou and Zhou, 2012) . In turn, the second layer of plant immunity, called effector-triggered immunity (ETI), is initiated upon the recognition of effectors by the cognate intracellular immune receptors, such as nucleotide-binding site leucine-rich repeat (NBS-LRR)-type proteins. ETI is usually concomitant with the hypersensitive response, a programmed cell death at the infection site to inhibit the diffusion of the invading pathogen (Alfano and Collmer, 2004; Chisholm et al., 2006; Jones and Dangl, 2006) . In plant-fungus interactions, PTI and ETI equip plant preinvasive and postinvasive resistance, respectively. Increasing evidence demonstrates that small RNAs are involved in both PTI and ETI signaling and act as key fine-tuning regulators (Padmanabhan et al., 2009; Katiyar-Agarwal and Jin, 2010) . Small RNAs are short noncoding RNAs that guide gene silencing either by regulating chromatin methyl modification or by mRNA degradation and translational repression (Baulcombe, 2004; Seo et al., 2013) . They are classified into microRNAs (miRNAs) and small interfering RNAs (siRNAs) based on their biogenesis and origin. Both miRNAs and siRNAs are involved in the regulation of diverse biological processes, including development and responses to biotic and abiotic stresses (Katiyar-Agarwal and Jin, 2010; Chen, 2012; Khraiwesh et al., 2012) . In Arabidopsis (Arabidopsis thaliana), a set of miRNAs were identified to be responsive to the PAMP molecule flg22 or to the infection of nonpathogenic strain Pseudomonas syringae DC3000 with mutation in hypersensitive response and pathogenicity conserved C (hrcC 2 ; Fahlgren et al., 2007; Li et al., 2010a; Zhang et al., 2011) . The first identified PTI-related small RNA is miR393, which can be induced by the PAMP molecule flg22 and positively contributes to PTI by suppressing auxin signaling by silencing auxin receptors (Navarro et al., 2006) . In addition, miR160a, miR398b, and miR773 are involved in the regulation of callose deposition and, thus, act in PTI signaling (Li et al., 2010a) . Some miRNAs also exhibit differential induced responses to the infection of pathogenic and avirulent strains of P. syringae DC3000 and, thus, are involved in ETI signaling . More recently, some miRNAs were found to guide the cleavage of NBS-LRR-type disease resistance (R) genes in Solanaceae and Leguminosae species, indicating that these miRNAs are key regulators in ETI Li et al., 2012; Shivaprasad et al., 2012) .
The study of miRNAs in rice (Oryza sativa) has progressed from computational prediction to experimental identification and functional characterization Rhoades et al., 2002; Jones-Rhoades and Bartel, 2004; Liu et al., 2005) . The first set of rice miRNAs experimentally identified was reported in 2004 (Wang et al., 2004) . Later, more miRNAs, either conservative or novel in rice, were identified from rice shoot, root, inflorescence, panicle, calli, developing grains, and immature seeds (Liu et al., 2005; Sunkar et al., 2005; Luo et al., 2006; Zhu et al., 2008; Xue et al., 2009) . By exposing rice seedlings to drought or salt stress and through highthroughput sequencing, Sunkar et al. (2008) identified 23 new miRNAs and 40 candidates. By subjecting them to drought stress from tillering to inflorescence formation stages, 30 miRNAs were identified to be differentially expressed under drought conditions . By comparing samples from normal conditions and exposure to oxidative stress, Li et al. (2011) identified seven miRNA families that are differentially responsive to oxidative stress and discovered 32 new rice miRNAs. By analyzing 62 small RNA libraries that represent several tissues from control plants and those subjected to different environmental stress treatments, Jeong et al. (2011) reevaluated approximately 400 annotated miRNAs and found 76 new miRNAs that are responsive to water stress, nutrient stress, or temperature stress. In addition, because miRNA relies on DicerLike1 for maturation, the rice loss-of-function mutation in Oryza sativa Dicer-Like1 is lethal at the seedling stage (Liu et al., 2005) , implying that miRNA is essential for development. miR166 was ectopically expressed in mutants with mutations in SHOOTLESS2 (SHL2), SHL4/ SHOOT ORGANIZATION2 (SHO2), and SHO1, which are the orthologs of Arabidopsis RNA-DEPENDENT RNA POLYMERASE6, ARGONAUTE7, and DICER-LIKE4, respectively, leading to the silencing of the miR166 target genes Oryza sativa homeobox1 and Oryza sativa homeobox2, two class III homeodomain-leucine zipper genes (Nagasaki et al., 2007) . Members of the miR156 family target the SQUAMOSA PROMOTER-BINDING-LIKE genes, and overexpression of OsmiR156b/h resulted in increased tillers but reduced plant height and panicle size (Xie et al., 2006 ). These findings demonstrate that miRNAs play indispensable roles for development and abiotic stress responses in rice. However, identifying the miRNA species involved in rice immunity against the blast fungus Magnaporthe oryzae remains to be done.
The rice-blast fungus plant-pathogen system has become a model in the study of plant-fungus interactions because rice is one of the most important staple foods for most of the world's population and rice blast is the most devastating disease for rice production (Liu et al., 2013) . The blast fungus M. oryzae can infect rice plants at any developmental stage. After attaching onto the surface of a rice cell, the conidium germinates to form a germ tube at about 2 h post inoculation (hpi), and then the germ tube differentiates an appressorium at 2 to 20 hpi, which guides the fungus to penetrate underneath the epidermal cell at 24 to 30 hpi (Ribot et al., 2008) . After entrance into the host cell, the fungus develops bulbous infectious hyphae without visible damage to the host at first. With the development of colonization, the fungus destroys the infected cells at 2 to 5 d post inoculation (dpi) and spreads the disease by sporulation (Ribot et al., 2008) . Both PTI and ETI are involved in rice immunity against the blast fungus (Liu et al., 2013) . Chitin, a conserved fungusderived PAMP, can be recognized by the rice patternrecognition receptor CEBiP (for chitin oligosaccharide elicitor-binding protein) to trigger innate immunity (Kaku et al., 2006; Kishimoto et al., 2010; Shimizu et al., 2010) . Knockdown of CEBiP in rice cell lines results in obvious suppression of chitin-triggered oxidative burst (Kaku et al., 2006) . The PTI-related genes, such as ent-Kaurene Synthase4 (OsKS4) and OsNAC4 (for Oryza sativa no apical meristem [NAM], Arabidopsis transcription activation factor [ATAF], and cup-shaped cotyledon [CUC] domain transcription factor4), can be induced by chitin in wild-type plants but suppressed in susceptible transgenic lines (Park et al., 2012) . M. oryzae delivers a batch of effectors into rice cells through a biotrophic interfacial complex or invasive hyphae to enhance its virulence (Mosquera et al., 2009; Khang et al., 2010; Mentlak et al., 2012) . Some effectors are recognized by intracellular receptors, termed R proteins, to trigger race-specific resistance that contributes to the postinvasive resistance. In the past decades, 21 rice blast R genes have been characterized by molecular cloning, 19 of which encode NBS-LRR proteins, while Pyricularia-Digu2 (Pi-d2) and Pi21 encode a receptor-like kinase protein and a Pro-rich protein, respectively (Fukuoka et al., 2009; Liu et al., 2010 Liu et al., , 2013 . The Pyricularia-Kanto51-m (Pikm) locus contains two NBS-LRR genes, Pi k-m1-Tsuyuake (Pikm1-TS) and Pikm2-TS, both required to recognize the cognate effector Avr-Pikm to trigger effective resistance to the blast disease (Li et al., 2007; Yoshida et al., 2009 ). The synergistic function of the two adjacent genes confers Pikm-specific resistance strongly against infection of the rice blast fungus (Ashikawa et al., 2008) . Pi2 and Pi Zenith-Toride are alleles showing high similarity to Pi9, and they confer broad-spectrum resistance against different sets of M. oryzae isolates Zhou et al., 2006) . However, to date, limited studies imply that small RNAs may be involved in rice immunity against the blast fungus M. oryzae. A recent report assayed the accumulation of miRNAs in rice treated by elicitors extracted from blast fungal mycelia (Campo et al., 2013) . A new rice miRNA, osa-miR7695, was identified to be involved in rice resistance by negatively regulating the transcript of NATURAL RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN6 (Campo et al., 2013) . Currently, miRBase lists over 700 mature miRNA sequences cloned or predicted in rice (http://www.mirbase.org; Kozomara and Griffiths-Jones, 2011 ). Nevertheless, whether and which of the known miRNAs are involved in rice immunity against the blast fungus remain to be identified.
To obtain the miRNAs involved in rice immunity against the blast fungus, we performed a systemic screen by comparing the abundance of miRNAs in the susceptible line Lijiangxin Tuan Hegu (LTH) and the resistant line International Rice Blast Line PyriculariaKanto51-m-Tsuyuake (IRBLkm-Ts) that carries the Pikm locus. By deep sequencing six small RNA libraries from samples of LTH and IRBLkm-Ts collected at 0, 12, and 24 hpi with M. oryzae, we identified candidate miRNAs that may be involved in rice immunity because of their differential responses to the infection of the blast fungus. Overexpression of miR160a and miR398b in transgenic rice plants enhanced resistance to the blast fungus. Taken together, our data demonstrate that it is feasible to engineer rice resistance by the identification and ectopic expression of individual miRNAs that are involved in immunity against the blast fungus.
RESULTS

Identification of the Monogenic Resistant Line with Strong Defense Responses
To identify miRNAs most likely involved in rice immunity against the blast disease, we chose an accession harboring an R gene that enables strong defense responses. Previous studies indicated that R genes at two loci render broad-spectrum resistance to the blast disease in rice production Li et al., 2007; Ashikawa et al., 2008) . We thus chose rice lines containing R genes at these loci, IRBLkm-Ts and International Rice Blast Line Pyricularia-Zenith-5-C101A51 (IRBLz5-CA), in our investigation and focused on one of them for further investigation. IRBLkm-Ts and IRBLz5-CA are monogenic lines containing the R genes Pikm and Pi2, respectively, that were introduced into LTH by backcrossing (Tsumematsu et al., 2000) . LTH is a japonica variety highly susceptible to over 1,300 regional isolates of M. oryzae worldwide, and no major R gene is ever identified in it (Lin et al., 2001 ). To evaluate Pikmand Pi2-mediated defense responses, three-leaf-old seedlings were inoculated with a conidial mixture of 15 M. oryzae strains collected from our rice blast disease nursery in Ya'an, Sichuan, China. Disease phenotypes were recorded at 10 dpi. Compared with LTH, both IRBLkm-Ts and IRBLz5-CA displayed obvious resistant phenotypes (Fig. 1A) . Then, by quantitative reverse transcription (qRT)-PCR, we examined the expression of five defense-related genes, Oryza sativa pathogenesisrelated protein1 (OsPR1), OsPR10, and the PTI-related genes Oryza sativa probenazole-inducible1, OsKS4, and OsNAC4 (Park et al., 2012; Yamaguchi et al., 2013) . The transcripts of all five genes were significantly increased in IRBLkm-Ts and IRBLz5-CA in comparison with those in LTH (Fig. 1, B-F) . Moreover, OsPR1, OsPR10, Oryza sativa probenazole-inducible1, and OsKS4 were induced earlier and to greater amplitude in IRBLkm-Ts than in IRBLz5-CA (Fig. 1, B -E). These data suggest that Pikm renders defense responses faster and stronger than that does Pi2 against M. oryzae.
Because the production of hydrogen peroxide (H 2 O 2 ) in infected leaf cells is a signal that precedes hypersensitive responses that often culminate the defense responses in ETI (Levine et al., 1994) , we examined H 2 O 2 accumulation and fungal growth at 2 and 10 dpi by 3,39-diaminobenzidine (DAB) and trypan blue staining, respectively. As anticipated, in contrast to no or trace amounts of H 2 O 2 accumulation in leaf cells of LTH, we observed high levels of H 2 O 2 accumulation around the appressoria at 2 dpi in the leaf cells of both IRBLkm-Ts and IRBLz5-CA, although stronger in IRBLkm-Ts ( Fig. 1G) . At 10 dpi, we observed massive aerial mycelia with a great number of conidiophores on leaves of LTH, although H 2 O 2 also accumulated in some cells ( Fig. 1G ; Supplemental Fig. S1A ). In contrast, little hyphae and no conidiophores were observed on leaves of IRBLkm-Ts and IRBLz5-CA, and high levels of H 2 O 2 accumulated in the cells attacked by the appressoria ( Fig. 1G ; Supplemental Fig. S1 , B and C).
Taken together, these data suggest that the defense responses in IRBLkm-Ts are stronger than those in IRBLz5-CA. Therefore, we used IRBLkm-Ts in the subsequent screening for miRNAs involved in defense against M. oryzae.
Deep-Sequencing Analysis of Small RNA Libraries from M. oryzae-Free and Infected Rice Leaves
To obtain miRNAs involved in rice defense against M. oryzae, 3-week-old seedlings of LTH and IRBLkm-Ts were inoculated with a spore mixture of M. oryzae. Infected leaves were collected at 12 and 24 hpi, with leaves before inoculation as a control. Six small RNA libraries were constructed with the small RNA extracted from the collected leaves and subjected to highthroughput sequencing. In total, 3, 791, 618, 1, 277, 195, and 2, 559, 590 reads for LTH and 2, 723, 456, 1, 867, 650 , and 2,000,003 reads for IRBLkm-Ts from samples collected at 0, 12, and 24 hpi, respectively, were matched to the rice genome (Supplemental Table S1 ). These reads represent 1,952,485, 765,215, and 1,379,760 unique small RNA sequences for LTH and 1,686,864, 1,127,034, and 1,139,492 unique small RNA sequences for IRBLkm-Ts at the three time points, respectively (Supplemental Table S1 ). The size of most small RNAs is 21 and 24 Student's t test was carried out to determine the significance of differences between LTH and IRBLkm-Ts or IRBLz5-CA. Double asterisks indicate significant differences (P , 0.01). The experiments were repeated two times with similar results. G, Representative leaf sections from the indicated lines to show fungal growth and H 2 O 2 accumulation at 2 and 10 dpi, respectively. Note that there was no or trace amounts of H 2 O 2 accumulation in LTH (arrow), but high levels were seen around the appressoria (arrowheads) at 2 dpi in the leaf cells of both IRBLkm-Ts and IRBLz5-CA. Trypan blue and DAB were used to stain the fungal structure and H 2 O 2 accumulation (reddish brown), respectively. Bars = 10 mm. [See online article for color version of this figure. ] nucleotides, while the size of most known miRNAs is 21 nucleotides (Mi et al., 2008; Wu et al., 2009; Zhao et al., 2010) . Consistently, small RNAs in our libraries were predominantly 21 and 24 nucleotides ( Fig. 2A) , while miRNAs were 21 nucleotides ( Fig. 2B ), indicating that our data are highly reliable. There were 50% to 85% of small RNAs matched to the rice genome in the six libraries ( Fig. 2C ; Supplemental Table S1 ). Five percent to 25% of reads in the libraries of inoculated samples (collected at 12 and 24 hpi) matched the M. oryzae genome, while only about 1% of reads in the libraries constructed from the control samples matched the M. oryzae genome ( Fig. 2C ; Supplemental Table S1 ). These data suggest that the small RNAs identified were of rice and M. oryzae origins.
However, there were 20% to 30% reads that could not match to the rice or M. oryzae genome in each library (Supplemental Table S1 ), which is presumably due to the DNA sequence polymorphisms between the rice cultivars and M. oryzae isolates used and the reference genomes.
The rice small RNA sequences were then classified into different categories based on their match to the rice genome ( Fig. 2D ; Supplemental Table S1 ). The largest category of small RNAs was heterochromatic siRNAs, followed by small RNAs matched to proteincoding genes (Fig. 2D ). Over 20,000 reads from each library, which accounted for 10% to 20%, matched the rice mitochondria and chloroplast genome ( Fig. 2D ; Supplemental Table S1 ). There were 2% to 3% of reads that matched the natural antisense short-siRNAs but no trans-acting-siRNAs (Fig. 2D) . Reads matched to rice miRNAs accounted for 5% to 10%, which is consistent with a previous report ( Fig. 2D ; Wu et al., 2009) . Compared with the control sample at 0 dpi, miRNA reads were decreased significantly at 12 hpi in LTH but increased at 24 hpi, suggesting that the blast fungus suppresses miRNA biogenesis in a compatible riceblast fungus interaction during the prepenetration stage ( Fig. 2D ; Supplemental Table S1 ). In contrast, the miRNA reads were increased in IRBLkm-Ts along with the infection of M. oryzae ( Fig. 2D ; Supplemental Table S1 ), implying that miRNAs might play roles in rice immunity against M. oryzae. Because of the large volume of total sequence data and our primary focus in this study on learning how the known miRNAs were involved in rice immunity, novel miRNAs due to M. oryzae infection or the M. oryzae-derived miRNAs and their biological implications will be the focus of future research.
Candidate miRNAs Involved in the Rice-M. oryzae Interaction
The miRNAs involved in immunity must display differential expression upon M. oryzae infection. According to this speculation, we compared the miRNA accumulation patterns between the libraries from LTH and IRBLkm-Ts upon M. oryzae infection, and the miRNAs with reads changing over 2-fold in any two of the six libraries were selected for further investigation (Supplemental Table S2 ). Accordingly, these miRNAs were classified into 39 patterns by analysis with Short Time-series Expression Miner (STEM) software (Ernst and Bar-Joseph, 2006 ) based on their change trends, of which 19 patterns showed significant changes in the accumulation of miRNAs upon M. oryzae infection (Supplemental Table S3 ; Supplemental Fig. S2 ). We further classified the miRNAs of the 19 patterns into three classes based on their change upon M. oryzae infection: (1) no obvious change in LTH but significantly increased in IRBLkm-Ts (i.e. patterns 2, 11, and 22) or reduced in LTH but no obvious change or increased in IRBLkm-Ts (i.e. 7); (2) no significant change in LTH but decreased greatly in IRBLkm-Ts (i.e. 21) or increased in LTH but no obvious change or decreased in 16, 18, 25, 30, 32, 40, 42, and 45) ; (3) increased in both LTH and IRBLkm-Ts upon M. oryzae infection, including patterns 27, 29, 39, 46, and 47. Theoretically, the first two classes of miRNAs should play positive and negative roles in rice resistance, respectively, while the third class may be involved in the regulation of basal responses to the M. oryzae infection because of their upregulation in both susceptible and resistant lines.
Next, the miRNAs belonging to the classes mentioned above with more than 100 reads in one of the six libraries were selected for further analysis (Supplemental Table  S2 ). In total, 33 miRNAs were selected, with the pattern number listed in parentheses following their names in Table I . The expression of nine miRNAs was analyzed by small RNA blotting to verify the deep-sequencing results, including three positive regulators (i.e. miR160a, miR164a, and miR168a), three negative regulators (i.e. miR396, miR827, and miR1871), and three basal response regulators (i.e. miR169a, miR172a, and miR398b; Fig. 3A) . The small RNA-blot analysis was basically consistent with the sequencing results. As shown in Figure 3A , the accumulation of miR160a and miR164a was significantly induced to higher levels upon M. oryzae infection in IRBLkm-Ts. miR172a and miR398b were increased in both LTH and IRBLkm-Ts, whereas miR1871, miR396d, and miR827a were obviously increased in LTH.
Expression Pattern of the miRNA Target Genes upon M. oryzae Infection Because the regulatory roles of miRNAs in gene expression are to cleave target mRNAs or repress translation, we first examined the transcripts of some target genes that were previously validated by degradome assay using qRT-PCR (Supplemental Table S4 ; Wu et al., 2009; Li et al., 2010b; Zhou et al., 2010b) . As anticipated, the expression of certain targets of miR160, miR164, miR827, miR172, and miR398 exhibited negative correlation to the abundance of miRNAs (Fig. 3 , B-G), which is consistent with one of the miRNAs' roles to guide the degradation of their target genes. Among the tested target genes, Os04g43910 encodes the putative AUXIN RESPONSE FACTOR16 (ARF16) and Os07g46990 encodes SUPEROXIDE DISMUTASE2 (SOD2); they were previously confirmed as the targets of miR160 and miR398 by degradome complementary DNA (cDNA) library assay, respectively (Wu et al., 2009) . Os04g48410, encoding a copper chaperone for SOD, was identified as another target of miR398 . In addition, Os12g41680, Os04g48390, and Os05g03040 were confirmed as the targets of miR164, miR827, and miR172 by degradome sequencing, respectively (Wu et al., 2009; Li et al., 2010b; Zhou et al., 2010b) . The negative correlation between the abundance of miRNAs and their targets indicates that they are truly targets of the miRNAs and, thus, may be involved in the regulation of rice immunity against M. oryzae. Nevertheless, nine of the confirmed or predicted target genes exhibited partially negative correlations with the miRNA abundance (Supplemental Fig. S3 ; Supplemental Table S4 ); thus, whether they are targets of the miRNAs regulated via translational repression needs further experimental verification.
Enhanced Defense Responses to M. oryzae in the Transgenic Rice Lines Overexpressing miR160a and miR398b
Next, we took a transgenic approach to verify representatives of the miRNAs involved in defense responses to M. oryzae. Kasalath is an indica accession that possesses a high regeneration rate during tissue culture and is sensitive to most M. oryzae strains (Li et al., 2007) ; thus, it is suitable for use in transgenic analysis. miR160a represents positive regulators of resistance; its expression was not much changed in LTH but was increased approximately 4-fold upon M. oryzae infection in IRBLkm-Ts (Table I ; Fig. 3A) . Two independent transgenic lines with high miR160a expression were identified by miRNA real-time reverse transcription (RT)-PCR and RNA-blot analyses in comparison with the control line (Fig. 4, A and B) . Consistently, the expression of its target genes Os02g41800 and Os04g43910, both of which encode the putative ARF16, was reduced to less than 10% of that in the control line (Fig. 4C) . The transcript of Os04g59430, another target of miR160 encoding a B3 DNA-binding domain-containing protein, was also significantly suppressed, though not as much as those of Os02g41800 and Os04g43910 (Fig. 4C) .
However, the expression of Os10g33940 and Os06g47150, both of which also encode the putative ARF16, was upregulated to levels higher than that in the control line ( Supplemental Fig. S4) ; the simplest explanation is that miR160a may repress their translation or that they are under feedback regulation by their products. Next, we examined the transgenic lines by inoculating with mixed M. oryzae strains, and disease phenotypes were recorded at 10 dpi. The number of lesions in the transgenic lines overexpressing miR160a was obviously less than that in the control line (Fig. 4D) . In addition, the disease lesions were mainly scored as types 1 and 2 in the miR160a overexpression line 4, which was obviously less severe than types 3 and 4 in the control line (Fig. 4D ). These observations suggested that the resistance level was higher in the transgenic lines. Consistent with the resistant phenotype, the spore number and relative fungal mass in the infected leaves, indicated as the ratio of the M. oryzae retrotransposon Pot2 to rice ACTIN1 (Berruyer et al., 2006; Park et al., 2012) , were significantly reduced in the transgenic lines compared with those in the control line (Fig. 4, E and F) . miR398b represents regulators acting in basal responses, because its expression is increased in both LTH and IRBLkm-Ts upon M. oryzae infection. The abundance of miR398b increased approximately 8-fold at 24 hpi in LTH and increased in IRBLkm-Ts over 5-and 8-fold at 12 and 24 hpi, respectively (Fig. 3A) . We also identified two transgenic lines in which the accumulation of miR398b was significantly increased (Fig. 5,  A and B) . Consistently, its confirmed target genes Os03g22810, Os04g48410, and Os07g46990 and the predicted target gene Os11g09780 were all suppressed greatly in the two miR398b transgenic lines ( Fig. 5C ; Wu et al., 2009; Li et al., 2010b; Zhou et al., 2010b) . Then, the Figure 3 . Expression patterns of miRNAs and their target genes upon M. oryzae infection. Three-leaf-old seedlings were inoculated with 5 3 10 5 spores mL 21 M. oryzae, and total RNA was extracted from leaves of the indicated lines at the indicated time points. A, RNA-blot analysis of miRNAs. Fifteen micrograms of small RNA was loaded. RNA blots were hybridized with DNA oligonucleotide probes complementary to the indicated miRNAs. U6 was used as a loading control. Values below each section represent the relative abundance of miRNA normalized to U6. B to G, qRT-PCR analyses of mRNA levels for genes targeted by miR160 (B; Os04g43910/ARF16), miR164 (C; Os12g41680), miR827 (D; Os04g48390), miR172 (E; Os05g03040), and miR398 (F and G; Os07g46990/SOD2 and Os04g48410). Error bars indicate SD. Student's t test was used to determine the significance of differences between 0 hpi and the indicated time points in the same line. Asterisks indicate significant differences (*P , 0.05 and **P , 0.01). The experiments were repeated two times with similar results.
miR398b transgenic lines were examined by inoculation with mixed M. oryzae strains, and disease phenotypes were recorded at 10 dpi. The number of lesions in the transgenic lines overexpressing miR398b was obviously less than that in the control line (Fig. 5D ). In addition, the disease lesions were obviously reduced to types 2 and 3 in the miR398b overexpression lines 9 and 10, respectively, which were less severe compared with types 3 and 4 in the control line (Fig. 5D ). These observations suggested that the resistance level was increased in the transgenic lines. Consistent with the resistant phenotype, the spore number and relative fungal biomass in the infected leaves were significantly reduced in transgenic lines compared with those in the control line (Fig. 5, E and F) . Resistant phenotypes are usually accompanied by the up-regulation of defense-related genes; thus, we examined the transcription of some defense-related genes in one line overexpressing miR160a or miR398b. As anticipated, both miR160a and miR398b transgenic lines displayed significantly higher expression of OsPR1 and OsPR10 than the control line, and the expression level in the miR398 overexpression line was higher than that in the miR160a overexpression line (Fig. 6, A and B) . In addition, the expression of PTI-related genes OsKS4 and OsNAC4 was significantly enhanced in the miR398b transgenic line but was not obviously affected in the miR160a transgenic line (Fig. 6, C and D) . Furthermore, the transcripts of both OsKS4 and OsNAC4 were significantly enhanced at 1 h after treatment by flg22 and chitin in the miR398b overexpression line but were not affected in the miR160a overexpression line (Fig. 6, E and F) , suggesting that miR398b is most likely involved in PTI signaling to regulate defense responses, while miR160a may be involved in ETI signaling.
To visualize how the transgenic lines overexpressing miR160a and miR398b mount resistance at the cellular level, the virulent M. oryzae strain Zhong-8-10-14 expressing enhanced GFP (eGFP) was inoculated on leaf sheaths. Then, pathogenesis was observed using laser scanning confocal microscopy. The spores were germinated and formed appressoria on sheaths of control plants at 12 hpi, and invasive hyphae were formed at 24 hpi and proliferated widely at 36 hpi (Fig. 7A) . In contrast, the spores did not germinate and appressoria were not generated until 24 hpi in transgenic plants overexpressing miR160a and until 36 hpi in plants overexpressing miR398b (Fig. 7 , B, C, and F). Furthermore, invasive hyphae were hardly observed on both transgenic plants until 36 hpi (Fig. 7, B , C, and G). Next, the accumulation of H 2 O 2 and fungal growth were examined at 2 and 10 dpi. Microscopic analysis showed that at 2 dpi, H 2 O 2 was accumulated around the appressorium in the leaf cells of miR160a and miR398b overexpression transgenic lines, whereas no or little H 2 O 2 was accumulated in leaf cells in the control line (Fig. 7D) . At 10 dpi, we observed the well-grown aerial hyphae and massive production of conidiophores in the control line, although H 2 O 2 was also accumulated in the cells from where the aerial hyphae were generated ( Fig.  7E; Supplemental Fig. S5A ). Conversely, in the miR160a and miR398b overexpression lines, we observed high levels of H 2 O 2 accumulation in leaf cells beneath the appressoria, and few aerial hyphae but no conidiophores were observed ( Fig. 7E; Supplemental Fig. S5 , B and C). These observations indicated that the fungus failed to colonize the leaves.
Taken together, the results from transgenic analysis indicate that both miR160a and miR398b contribute to the suppression of fungal infection and may act differentially in rice immunity against the blast fungus.
DISCUSSION
Host miRNAs play pivotal roles in plant-microbe interactions. Identification of host miRNAs that are differentially induced by pathogen infection is the first step to investigate their functions in host immunity against the pathogen. Previously, a set of miRNAs were identified to be involved in plant immunity against bacterial and viral pathogens (Navarro et al., 2006; Du et al., 2011; Radwan et al., 2011; Seo et al., 2013) . Recently, host miRNAs were also found to be responsive to the infection of an increasing list of filamentous pathogens, such as Cronartium quercuum (Lu et al., 2007) , Erysiphe graminis (Xin et al., 2010) , Fusarium virguliforme (Radwan et al., 2011) , Phytophthora sojae (Guo et al., 2011) , and Verticillium dahliae (Yin et al., 2012; Yang et al., 2013) . In this study, small RNA accumulation in rice seedlings of susceptible and resistant lines upon M. oryzae infection was systemically assayed by deep sequencing. The changes in abundance of nine miRNAs were verified by RNA-blot analyses, suggesting that the deep-sequencing data are reliable. In total, we found representatives from 25 known rice miRNA families that were presumably involved in innate immunity against the infection of the blast fungus M. oryzae (Table I ). There seem to be more known miRNAs that negatively regulate rice immunity than those that do positively. Members of four miRNA families, miR160a/b/c/d/f, miR164a/b/f, miR167a/b/c, and miR168a, were reduced or not much changed in expression in the susceptible line but were significantly increased in the resistant line upon M. oryzae infection; thus, they may positively regulate rice immunity against the fungus. In contrast, members from 16 families were up-regulated in expression in the susceptible line but down-regulated or did not exhibit significant changes in the resistant line after M. oryzae infection; thus, they may negatively regulate rice immunity. Members from 10 miRNA families were up-regulated in expression in both the susceptible and resistant lines; thus, they may act in fundamental rice responses to M. oryzae infection (Table I ; Fig. 3 ). Three miRNA families had members differentially responsive to M. oryzae infection, including miR167, miR169, and miR444. While miR167a/b/c might act as positive regulators for rice immunity, miR167d/e/ f/g/h/i/j act as negative regulators. miR169a/b/c might act in basal responses to M. oryzae infection, whereas miR169f/g/h/i/j/k/l/m might negatively function in rice immunity against the blast fungus. Similarly, miR444b.1/ c.1 might function in basal responses to M. oryzae infection, whereas miR444b.2/c.2 might negatively regulate rice immunity against the blast fungus (Table I ; Fig. 3 ). Thus, the identified known miRNAs involved in rice immunity provide a good starting point to further pursue how rice resistance to the blast fungus is regulated through diverse aspects. In this investigation, we detected that miR160a was up-regulated while its target gene Os04g43910 (ARF16) was down-regulated in the resistant line, but both miRNA and its target were not much changed in the susceptible line upon M. oryzae infection, implying that miR160a may positively regulate rice immunity by silencing indole-3-acetic acid (IAA) signaling (Table I; Figure 6 . miR160a and miR398b positively and differentially regulate the expression of defense-related genes. Three-leaf-old seedlings were inoculated with 5 3 10 5 spores mL 21 M. oryzae, and samples were collected at the indicated time points. RNA was extracted for qRT-PCR analysis, and the mRNA level was normalized to that in untreated control Kasalath (empty vector [EV]). A and B, qRT-PCR assay showing that the lateresponsive defense-related genes PR1 (A) and PR10 (B) were upregulated in the miR160a and miR398b overexpression lines. C and D, qRT-PCR assay showing that the PTI-related genes OsKS4 and OsNAC4 were up-regulated in the transgenic line overexpressing miR398b but not in that overexpressing miR160a. E and F, qRT-PCR assay showing the expression levels of PTI-related genes OsKS4 and OsNAC4 in the indicated transgenic lines after incubating in water, 1 mg mL 21 chitin, or 1 mM flg22 for 1 h. Note that OsKS4 and OsNAC4 were significantly induced by both chitin and flg22 in the transgenic line overexpressing miR398b but not in that overexpressing miR160a. Values are means of three replications. Error bars indicate SD. Student's t test was carried out to determine the significance of differences between Kasalath (empty vector) and miRNA overexpression transgenic plants following M. oryzae or PAMP treatment. Asterisks indicate significant differences (*P , 0.05 and **P , 0.01). The experiments were repeated two times with similar results. Fig. 3 ). Then, we obtained transgenic rice lines overexpressing miR160a that exhibited enhanced resistance to the blast disease. RNA-blot and qRT-PCR analyses verified that miR160a was highly expressed, in contrast to the significantly suppressed expression of its three target genes (i.e. Os02g41800, Os04g43910, and Os04g59430; Fig. 4) . Nevertheless, the expression of Os10g33940 and Os06g47150, two targets of miR160a, was significantly up-regulated in the transgenic lines overexpressing miR160a (Supplemental Fig. S4 ). One explanation is that miR160a may repress their translation. This possibility could be easily confirmed if their antibodies were available. Alternatively, these two target genes of miR160a may be under feedback regulation by their products, as is the case for the targets of miR172 in Arabidopsis (Schwab et al., 2005) . It seems that miR160a may act in postinvasive defense responses, because the expression of the PTI-related genes OsKS4 and OsNAC4 was not induced in the miR160a overexpression line upon M. oryzae infection or after PAMP (flg22 and chitin) treatment (Fig. 6) . However, miR160a acts in the regulation of PTI and PAMP-triggered defense responses in Arabidopsis (Li et al., 2010a) . Therefore, the functions of miR160a seem to be conserved with the diversification in plant innate immunity between monocots and dicots. Note that secondary conidia (arrowheads in E) were generated on empty vector (EV) plants at 10 dpi. Bars = 10 mm. F and G, Statistical analyses of conidial germination rate (F) and frequency of invasive hyphae (G) at the indicated time points observed on the indicated lines. Inoculated leaves were stained with trypan blue and examined by microscopy. Data are means 6 SE from three independent experiments, in each of which more than 200 conidia were evaluated. The x 2 test was used to test statistical significance between empty vector and transgenic lines. Asterisks indicate significant differences (*P , 0.05 and **P , 0.01). [See online article for color version of this figure. ] Our data also revealed that the expression of miR398b was induced upon M. oryzae infection in both the susceptible and resistant lines, while its target genes Os07g46990 (SOD2) and Os04g48410 (encoding a copper chaperone for SOD) were down-regulated (Table I ; Fig. 3) . By a transgenic approach, we identified two transgenic lines overexpressing miR398b. Both transgenic lines exhibited resistance to the blast fungus, as revealed by weaker disease phenotypes, less fungal mass, up-regulated expression of defense-related genes, and stronger H 2 O 2 production (Figs. 5-7; Supplemental  Fig. S5 ). The two PTI-related genes OsKS4 and OsNAC4 as well as OsPR1 and OsPR10 were significantly induced in the miR398b overexpression transgenic line upon M. oryzae infection and after PAMP treatment, indicating that miR398b might act in positive regulation of both preinvasive and postinvasive defense responses against the infection of the blast fungus. The cellular responses of the miR398b overexpression line to an eGFP-tagged strain showed that both conidial germination and appressorium formation were largely delayed, which substantiated the roles of miR398b in the positive regulation of preinvasive defense (Fig. 7) . However, from the literature, miR398b seems to negatively regulate PTI and ETI responses against bacterial pathogens, because the accumulation of miR398b was slightly down-regulated after flg22 treatment in Arabidopsis (Li et al., 2010a) . The abundance of miR398b can also be down-regulated by the infection of the incompatible bacterium P. syringae DC3000 (avrRpm1 and/or avrRpt2) but not the compatible strain P. syringae DC3000 (Jagadeeswaran et al., 2009 ). Moreover, transgenic lines overexpressing miR398b lead to the repression of flg22-and hrcC 2 -induced callose deposition and hypersensitivity to the virulent strain DC3000 and the avirulent strain DC3000 hrcC 2 (Li et al., 2010a) . Thus, miR398b may act contrarily between monocots and dicots in the regulation of innate immunity.
The findings that miR160a and miR398b positively regulate rice immunity against M. oryzae raise interesting questions concerning the potential roles of their target genes in resistance. Auxin is regarded as a negative regulator for plant resistance (Navarro et al., 2006; Fu et al., 2011) . ARF proteins are key factors in the auxin signaling pathway. They bind to auxin-responsive elements in promoters to regulate the transcription of primary auxin-response genes (Hagen and Guilfoyle, 2002) . In Arabidopsis, miR393 specifically targets Transport Inhibitor Response1/Auxin signaling F-Box (TIR/AFB) transcripts to silence the auxin signaling pathway and enhance plant innate immunity against bacterial pathogens (Navarro et al., 2006) . Overexpression of miR160a suppresses the expression of ARF16 and enhances flg22-and nonpathogenic bacterium DC3000 (hrcC 2 )-induced callose deposition (Li et al., 2010a) . The rice gene GH3-2 encodes an IAA-amido synthetase, which inactivates IAA signaling by catalyzing the formation of an IAA-amino acid conjugation to suppress pathogen-induced IAA accumulation, thus contributing to broad-spectrum resistance against both bacterial and fungal pathogens in rice (Fu et al., 2011) . In this study, we demonstrated that miR160a also targets putative ARF16 in rice and contributes to resistance against M. oryzae, suggesting the conservative role of miR160 in plant innate immunity by silencing auxin pathway genes in both monocots and dicots.
SODs are a group of metalloenzymes converting superoxide anion into H 2 O 2 and oxygen molecules to protect plants from damage caused by free radical species (Beyer et al., 1991) . Overexpressing tobacco (Nicotiana tabacum) manganese-SOD in alfalfa (Medicago sativa) enhanced plant tolerance to freezing stress, suggesting a protective role in minimizing oxygen free radical production after freezing stress (McKersie et al., 1993) . Down-regulation of miR398 by oxidative stresses leads to higher transcription of Cu/Zn superoxide dismutase1 (CSD1) and CSD2 and enhances oxidative stress tolerance in Arabidopsis (Sunkar et al., 2006) . Conversely, the miR398 level is up-regulated by Suc, resulting in decreased CSD1 and CSD2 mRNA and protein accumulation (Dugas and Bartel, 2008) . Here, we show that miR398b accumulation is significantly increased at 24 hpi in the susceptible line LTH and increased at 12 hpi in the resistant line IRBLkm-Ts upon M. oryzae infection (Table I; Fig. 3 ). Three genes, Os03g22810, Os07g46990, and Os04g48410, that encode SOD, SOD2, and copper chaperone for SOD, respectively, were confirmed as the targets of miR398b by degradome sequencing or RNA ligase-mediated 59 RACE (Wu et al., 2009; Li et al., 2010b; Zhou et al., 2010b) . Os11g09780 was also predicted as a target of miR398b and encodes a hypothetical protein (Wu et al., 2009 ). However, we were not successful in confirming whether the mRNA of Os11g09780 was cleaved at the predicted target site via RNA ligase-mediated 59 RACE. It is highly feasible that the cleaved mRNA of Os11g09780 is degraded quickly after its cleavage or difficult to detect because the target site is close to the 39 end of the cDNA. Consistent with this speculation, Os11g09780 was not detected in previous degradome analyses (Wu et al., 2009; Li et al., 2010b; Zhou et al., 2010b) . Alternatively, Os11g09780 may not be truly the target of miR398b. Nevertheless, consistent with the up-regulated miR398b levels, its target genes were down-regulated, and the transgenic plants overexpressing miR398b display significantly lower SOD/SOD2 transcripts and higher resistance to M. oryzae, indicating that miR398b may contribute to reactive oxygen species production by suppressing SOD levels in cells to counterattack the invading blast fungus. It is possible that miR398b guides the degradation of SOD transcripts to keep the dynamic balance of superoxide anion and H 2 O 2 metabolism during M. oryzae infection. Thus, future work will focus on functional investigation of the target genes of miRNAs and functional identification of the components of the regulation network.
Thus, by deep sequencing of small RNA libraries constructed from samples of susceptible and resistant lines, we identified a set of known miRNAs that act either positively or negatively in the regulation of rice immunity against the blast fungus. By a transgenic approach, we further demonstrate that ectopic expression of a single miRNA is able to establish rice resistance to the blast disease.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
The rice (Oryza sativa) susceptible line LTH and its resistant monogenic lines IRBLkm-Ts and IRBLz5-CA were grown in a growth room maintained at 26°C and 70% relative humidity with a 14/10-h day/night regime. The indica accession Kasalath was used for transgenic analysis.
Library Construction, Sequencing, and Bioinformatics Analysis of Small RNAs Small RNA library construction and Illumina sequencing were performed as described (Mi et al., 2008) . The small RNA reads with length over 16 were mapped to the rice nuclear, chloroplast, and mitochondrial genomes (http:// rice.plantbiology.msu.edu/; version 6.0) and Magnaporthe oryzae genomes (http://www.broadinstitute.org). The perfect genome-matched small RNAs were analyzed following a previous report (Wu et al., 2009 ). The normalized abundance of small RNAs was calculated as reads per million.
Small RNA Gel-Blot Analysis RNA-blot analyses for small RNAs from total extracts were performed as described previously (Qi et al., 2005; Mi et al., 2008) . Three-leaf-old plants spray inoculated with 5 3 10 5 spores mL 21 were used for RNA extraction at 0, 12, 24, 48, and 72 hpi. miRNA probes were end labeled with [g-32 P]ATP by T4 polynucleotide kinase (New England Biolabs). Probes used for RNA blotting are listed in Supplemental Table S5 .
Construction of miRNA Overexpression Transgenic Lines
To make overexpression constructs, genomic sequences from 330 bp upstream to 242 bp downstream of miR160a and from 289 bp upstream to 306 bp downstream of miR398b were amplified from cv Nipponbare genomic DNA. PCR products were cloned into the binary vector 35S-pCAMBIA1300 at KpnI/ SalI sites. Primers used for making constructs are listed in Supplemental Table  S5 . Constructs were transformed into Kasalath via Agrobacterium tumefaciensmediated transformation. Transgenic plants were preliminarily screened by PCR with the forward primer 35S-F and the specific reverse primers OsmiR160a-RSal1 for miR160a and OsmiR398b-R-Sal1 for miR398b (Supplemental Table S5 ). Then, the obtained transformants were subjected to a hygromycin sensitivity test as follows. Leaves from 3-to 4-week-old plants were incubated in 0.1 mM 6-benzyladenine buffer containing 30 mg L 21 hygromycin for 3 to 5 d at 26°C
and 70% relative humidity with a 14/10-h day/night regime. The plants whose leaves showed hygromycin resistance were selected as positive transgenic plants for further experiments.
qRT-PCR
Three-leaf-old plants were inoculated with M. oryzae by spraying spore suspensions at a concentration of 5 3 10 5 spores mL 21 , and samples were collected at 0, 6, 12, 24, and 48 hpi. For PAMP-triggered responses, three-leafold plants were incubated in water with or without 1 mM flg22 or 1 mg mL 21 chitin for 1 h, then the treated leaves were subjected to RNA extraction with Trizol reagent (Invitrogen). RT of RNA to cDNA was conducted by using the SuperScript first-strand synthesis system (Invitrogen). miRNAs were elongated and reverse transcribed by using the NCode miRNA first-strand cDNA module (Invitrogen). SYBR Green mix (TaKaRa) was used in real-time PCR to determine the abundance of mRNA. Gene expression levels were normalized by using OsACTIN1 as an internal control. Primers used in real-time RT-PCR are listed in Supplemental Table S5 .
Pathogen Infection and Microscopy Analysis
M. oryzae strains used in this study (including B9, B15, DJ-15, D35-7, E5, LJ5-4, LJ9-5, LJ15-8, NC-10, NJ-10, OJ-15, U-24, WJ-10, YC-5, and YC-7) were collected from rice fields in Ya'an (E103.0, N29.98; southwest of Sichuan province, China). The M. oryzae strains were grown on complete medium with agar for 2 weeks at 28°C with a 12/12-h day/night regime for sporulation. The inoculum concentration of each strain was adjusted to 5 3 10 5 spores mL 21 , and the same volume of spore suspension of the 15 strains was mixed for spray inoculation . Three-week-old seedlings (for small RNA library construction) or 8-week-old plants (for resistance evaluation of transgenic lines) were prepared for spray inoculation, and disease symptoms were observed at 10 dpi. The lesion types were scored from 0 (resistant) to 5 (susceptible) using a standard reference scale (Mackill and Bonman, 1992) . The blast sporulation rate on the lesions and the fungal mass in infected rice leaves were measured as described (Park et al., 2012) . For the cellular response of rice to M. oryzae infection, the eGFP-tagged M. oryzae strain Zhong-8-10-14 was inoculated on 5-cm-long leaf sheaths as described (Kankanala et al., 2007) . The inoculated epidermal layer was excised and analyzed by laser scanning confocal microscopy (Nikon A1) at 12, 24, and 36 hpi.
H 2 O 2 accumulation and fungal structure were stained by DAB and trypan blue, respectively, in accordance with a previous report (Xiao et al., 2003) . Leaf sections were placed in 1 mg mL 21 DAB (Sigma) and incubated at 22°C for 8 h at illumination. The DAB-stained leaves were double stained with trypan blue and observed with a microscope (Zeiss imager A2).
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